In this study, the effect of polymorphisms in the leptin gene on the hematological variables in periparturient dairy cows was investigated. The hematological profile of 67 Holstein cows was assessed for 6 wk around calving. The DNA of the cows was genotyped at 6 polymorphic loci within the leptin gene, and 7 haplotypes were reconstructed. Significant haplotype substitution effects were found, for haplotype 1, on total white blood cell count for 2 wk around calving (+0.70 10 3 /μL, P = 0.05; +1.38 10 3 /μL, P = 0.0001); on neutrophil cell count in the first week after calving (+0.94 10 3 /μL, P = 0.001); on lymphocyte count during the 3 wk before and the first week after calving (+0.32 10 3 /μL, P = 0.05; +0.27 10 3 /μL, P = 0.03; +0.26 10 3 /μL, P = 0.04; +0.34 10 3 /μL, P = 0.01); on red blood cell count during the last week before calving and wk 1 and 2 after calving (+0.21 10 6 /μL, P = 0.02; +0.23 10 6 /μL, P = 0.01; +0.20 10 6 /μL, P = 0.03); on mean corpuscular volume (−1.35 fL, P = 0.01; −1.29 fL, P = 0.002; −1.18 fL, P = 0.004; −1.09 fL, P = 0.008; −1.23 fL, P = 0.003; −1.31 fL, P = 0.003); and on mean corpuscular hemoglobin (−0.37 pg, P = 0.05; −0.38 pg, P = 0.02; −0.39 pg, P = 0.01; −0.34 pg, P = 0.03; −0.40 pg, P = 0.01; −0.40 pg, P = 0.01) during all 6 wk analyzed. Significant haplotype substitution effects, but opposite those of haplotype-1, were found for haplotype-2 on white blood cell count (−1. /μL, P = 0.002) during the last 2 wk before and the first week after calving, and also, with effects evident only in wk 3 and 2 before calving, mean corpuscular volume (+1.38 fL, P = 0.03; +0.97 fL, P = 0.05; +1.08 fL, P = 0.05), mean corpuscular hemoglobin (+0.58 pg, P = 0.02; +0.38 pg, P = 0.04; 0.51 pg, P = 0.01), and red blood cell distribution width (−0.56% P = 0.02; −0.47%, P = 0.05). The current study provided evidence that several polymorphisms in the leptin gene play a role in the variability of hematological variables during the peripartum period, and might be used as genetic markers for improving the immunological conditions of dairy cows in critical productive periods.
ABSTRACT:
In this study, the effect of polymorphisms in the leptin gene on the hematological variables in periparturient dairy cows was investigated. The hematological profile of 67 Holstein cows was assessed for 6 wk around calving. The DNA of the cows was genotyped at 6 polymorphic loci within the leptin gene, and 7 haplotypes were reconstructed. Significant haplotype substitution effects were found, for haplotype 1, on total white blood cell count for 2 wk around calving (+0.70 10 3 /μL, P = 0.05; +1.38 10 3 /μL, P = 0.0001); on neutrophil cell count in the first week after calving (+0.94 10 3 /μL, P = 0.001); on lymphocyte count during the 3 wk before and the first week after calving (+0.32 10 3 /μL, P = 0.05; +0.27 10 3 /μL, P = 0.03; +0.26 10 3 /μL, P = 0.04; +0.34 10 3 /μL, P = 0.01); on red blood cell count during the last week before calving and wk 1 and 2 after calving (+0.21 10 6 /μL, P = 0.02; +0.23 10 6 /μL, P = 0.01; +0.20 10 6 /μL, P = 0.03); on mean corpuscular volume (−1.35 fL, P = 0.01; −1.29 fL, P = 0.002; −1.18 fL, P = 0.004; −1.09 fL, P = 0.008; −1.23 fL, P = 0.003; −1.31 fL, P = 0.003); and on mean corpuscular hemoglobin (−0.37 pg, P = 0.05; −0.38 pg, P = 0.02; −0.39 pg, P = 0.01; −0.34 pg, P = 0.03; −0.40 pg, P = 0.01; −0.40 pg, P = 0.01) during all 6 wk analyzed. Significant haplotype substitution effects, but opposite those of haplotype-1, were found for haplotype-2 on white blood cell count (−1.10 10 3 /μL, P = 0.01; −1.30 10 3 /μL, P = 0.002; −1.09 10 3 /μL, P = 0.01) and neutrophil count (−0.82 10 3 /μL, P = 0.02; −0.95 10 3 /μL, P = 0.005; −0.92 10 3 /μL, P = 0.01). Haplotype-3 influenced red blood cell count (−0.23 10 6 /μL, P = 0.03; −0.28 10 6 /μL, P = 0.01; −0.34 10 6 /μL, P = 0.002) during the last 2 wk before and the first week after calving, and also, with effects evident only in wk 3 and 2 before calving, mean corpuscular volume (+1.38 fL, P = 0.03; +0.97 fL, P = 0.05; +1.08 fL, P = 0.05), mean corpuscular hemoglobin (+0.58 pg, P = 0.02; +0.38 pg, P = 0.04; 0.51 pg, P = 0.01), and red blood cell distribution width (−0.56% P = 0.02; −0.47%, P = 0.05). The current study provided evidence that several polymorphisms in the leptin gene play a role in the variability of hematological variables during the peripartum period, and might be used as genetic markers for improving the immunological conditions of dairy cows in critical productive periods.
INTRODUCTION
Leptin is a 16-kDa peptide hormone secreted mainly by adipocytes. In addition to its primary role in the regulation of food intake, BW, and whole-body energy balance, leptin exerts some effects on the immune system. Leptin provides a proliferative signal in hematopoiesis and lymphopoiesis (Lam and Lu, 2007) , and modulates monocyte (MON)-macrophage function, as well as the activation and proliferation of T lymphocytes (Sánchez-Margalet et al., 2003) . In cattle, several polymorphisms within the locus of the leptin gene have been described and their association with production traits reported (Buchanan et al., 2002 (Buchanan et al., , 2003 Liefers et al., 2002; Lagonigro et al., 2003; Madeja et al., 2004) . The association of a leptin polymorphism with blood circulating leukocyte number was first reported in beef cattle (Asiamah et al., 2009) . Two SNP, located in the coding region of the leptin gene, have been shown to have an association with leptin concentration during late pregnancy and the first 5 d of lactation (Liefers et al., 2003) . This is an extremely critical period for dairy cows because both innate and acquired defense mechanisms are weakest from 3 wk precalving to 3 wk postcalving (Mallard et al., 1998) . During peripartum, the function of polymorphonuclear neutrophilic leukocytes (PMN) is impaired (Mallard et al., 1998) because the greater concentration of glucocorticoids induces the downregulation of PMN adhesion molecules, and reduces the ability of PMN to migrate into the infected tissue, thereby increasing the neutrophil count in peripheral blood (Sordillo and Streicher, 2002; Tempelman et al., 2002) . To date, little is known about the relationship between leptin and other hematological variables, such as red blood cells (RBC) and platelets, around calving. In the current work, we tested the hypothesis that leptin gene polymorphisms could be involved in the regulation of immunological and hematological variables in periparturient cows. Holstein cows (n = 67) were genotyped at 5 SNP and at an indel located within the leptin gene region, and haplotypes were constructed. For the same animals, the hematological profile was assessed for 6 wk around calving. The haplotype substitution effect on the variation in blood cell variables during peripartum was estimated.
MATERIALS AND METHODS
The research protocol and the animal care were in accordance with the EC Council Directive guidelines for animals used for experimental and other scientific purposes (European Community, 1986) .
Animals
Holstein cows (n = 67) were used in this study. The experimental herd was located in the Po Valley, in Cremona, Italy (45°09′ N, 10°03′ E, altitude 43 m above sea level). Measurements were taken from cows varying from first to third calving; however, parity (primiparous vs. pluriparous) was considered in the statistical model.
Sampling
Blood samples (5 mL with K 3 EDTA as anticoagulant) were collected from each animal 6 times during peripartum and submitted for hematological profile analysis. Blood collection was performed every week beginning from the third week before calving and continuing to the third week after calving. The DNA was extracted from 5 mL of blood with a Genomix Kit (Talent SRL, Trieste, Italy), following manufacturer's protocols.
PCR Amplification
Two amplicons were obtained in the promoter region using the following primers (Liefers et al., 2005b) : amplicon 1 (429 bp): forward 5′-AAGTCCCCTGTAG-ATGTTTTTATG-3′; reverse 5′-GCCTGGTTGTTTT-GCTTTTA-3′; and amplicon 2 (543 bp): forward 5′-TAGTACAATATCCTTCCTTTCTT-3′; reverse 5′-CCTGCCTTGATGATGGTGTGG-3′. To amplify the coding region, the following primer pairs were designed on the sequence of the leptin gene (Accession No. U50365) using PRIMER 3 software (http:// frodo.wi.mit.edu/cgi-bin/primer3/primer3_www. cgi): amplicon 3 (395 bp) encompassing exon 2: forward 5′-CCAGGGAGTGCCTTTCATTA-3′; reverse 5′-ATGGCCACGGTTCTACCTC-3′; and amplicon 4 (496 bp) encompassing exon 3: forward 5′-CCCTCTCTCCCACTGAGCTC-3′; reverse 5′-TA-AAGGATGCCCACATAGGC-3′. The PCR amplification was performed in a volume of 20 μL using 50 ng of genomic DNA, 1.5 mM MgCl 2 , 0.25 mM deoxynucleotide 5′-triphosphate, 10 pmol of each primer, and 1 U of AmpliTaq Gold polymerase (Applied Biosystems, Pleasanton, CA).
Sequencing
Direct sequencing was performed for all samples on a PerkinElmer ABI Prism 310 DNA sequencer (PerkinElmer, Waltham, MA). The PCR for sequencing was obtained by using ABI Prism BigDye Terminator Cycle Sequencing, Ready Reaction Kits (Applied Biosystems). The protocol for single-and double-stranded DNA was optimized in 20 μL of final volume containing 4 μL of Terminator Ready Reaction Mix, 10 to 15 ng of PCR product, and 5 pmol of single primer. The product of sequencing reaction was purified with a Nucleoseq Kit (M-Medical, Cornaredo, Italy).
Blood Sample Analysis
The hematological profile was determined on wholeblood samples collected in K 3 EDTA-treated tubes (Terumo, Leuven, Belgium), using a Cell-Dyn 3700 hematology analyzer (Abbott Diagnostici, Roma, Italy 
Statistical Analysis
Blocks of linkage disequilibrium (LD) were evaluated with the Haploview software (Broad Institute of MIT and Harvard, Cambridge, MA) using the "solid spin of LD" algorithm. This method defines a block when the first and the last markers are in strong LD with intermediate markers in the block but the intermediate markers are not necessarily in LD with each other (Barrett et al., 2005) . The χ 2 test for deviation from Hardy-Weinberg equilibrium, along with expected and observed heterozygosity were calculated using Haploview software.
Haplotypes were inferred in silico from diploid marker data using the algorithm provided in the SAS software package (HAPLOTYPE procedure; SAS Inst. Inc., Cary, NC). Haplotypes and SNP substitution effects were estimated for each time of peripartum by regressing the value of hematological variables on the number of copies of each allele by using the following GLM (GLM procedure of SAS):
in which Y ijklmn is the hematological trait; μ is the overall mean; H i is the fixed effect of herd (i = 1, . . ., 3); S j is the fixed effect of the calving season: autumn, winter, spring (j = 1, . . ., 3); OP k is the fixed effect of the calving group: primiparous and multiparous (k = 1, 2); DD l is the fixed effect of the peripartum week when the blood sample was collected (l = 1, . . ., 6); G m is the allele substitution effect of each haplotype or single SNP; and E ijklmn is the residual random error associated with the individual observation.
RESULTS

SNP and Haplotype Analysis
In Table 1 , chromosome position and allele frequencies of the genotyped variants are shown. For the SNP recorded in the dbSNP database (http://www.ncbi. nlm.nih.gov/snp/; Sherry et al., 1999 ) the dbSNP reference identifier (rs) was used. We identified the remaining polymorphisms according to the position in Accession No. AB070368: g.1759G>C and g.2033C>T were described previously, respectively, by as "UASMS3" and by Liefers et al. (2005b) as "SNP −963," whereas g.1935_37delGTT was a novel detected deletion.
The SNP g.1759G>C, g.1935_37delGTT, and g.2033C>T are located in the promoter region. The first was previously associated with feeding behaviors and carcass fat yield (Schenkel et al., 2005) . The third is an SNP previously reported to be associated with energy balance, feed intake, and the first observed estrus (Liefers et al., 2005b) . The SNP rs29004488 is a T>C variation located in exon 2 of the leptin gene originally referred to as E2FB (Schenkel et al., 2005) . This polymorphism, which leads to an arginine to cysteine substitution in the protein, was associated by several authors with carcass fat content and milk production traits in cattle (Buchanan et al., 2002 (Buchanan et al., , 2003 Liefers et al., 2002; Lagonigro et al., 2003; Madeja et al., 2004) . The SNP rs29004512 is a C>T substitution located in exon 3. Values of the observed and expected heterozygosity (Table 1) indicate that genotype frequencies are distributed according to Hardy-Weinberg equilibrium.
To investigate the extent of LD in the leptin gene, the parameter D′ was estimated between all pairwise combinations of markers using Haploview software. The results of LD analysis are shown in Figure 1 . Greater LD was observed across the 15,600-bp region, which included part of the promoter region and the 2 coding exons. The different combinations of the 6 polymorphic markers defined a total of 7 different haplotypes (Table  2) . However, analysis of haplotype frequencies revealed that 4 haplotypes accounted for 95% of the total observed diversity. Between them, 2 major haplotypes, The SNP positions were assigned in the current bovine genome assembly (Btau 4.0) by using the University of California Santa Cruz BLASTlike alignment tool (UCSC BLAT) web server (http://genome.ucsc.edu/). Obs. Het. = observed heterozygosity; Exp. het. = expected heterozygosity; MAF = minor allele frequencies; del = deletion.
Hap-1 and Hap-2, represented 64% of total diversity, whereas 2 haplotypes, Hap-3 and Hap-4, showed frequencies of 19.8 and 11.5%, respectively. The other 3 haplotypes were rare alleles and were therefore not considered in this study.
Hematological Analyses
Before parturition, peripheral WBC increased because of the increase in NEU and MON counts, and then declined in the second and third weeks after calving. Conversely, LYM and EOS counts declined as calving approached. Consequently, the NEU:LYM ratio increased during the 2 wk around calving, with a successive slight decrease in the second and third weeks after parturition. The RBC count, HGB, HCT, and MCV gradually declined from the third week before to the third week after calving, whereas PLT gradually increased (Table 3) .
Effect of Genotype on Hematological Traits
The substitution effect of haplotypes on hematological variables was estimated for only the 4 most frequently represented haplotypes. Haplotypes with frequency less than 5% were considered rare alleles and excluded from the analysis. WBC. A significant substitution effect of Hap-1, Hap-2, and Hap-4 on total WBC count was observed (Table 4) . Haplotype-1 was associated with an increase in circulating WBC during the 2 wk around calving and in the third week of lactation. The opposite effect was evident for Hap-2, whereas the substitution effect of Hap-4 of reducing the WBC count was significant only in the first week after calving. When analyzing the different populations of WBC, a significant association of Hap-1 with the increase in NEU count was found during the first and third weeks after calving, whereas Hap-2 and Hap-4 showed an association with a smaller number of circulating NEU (Table 5) . Haplotype-2 showed a reduced NEU count during the 2 wk around calving and in the third week after calving, whereas Hap-4 showed an association with a significant reduction in NEU count only in the first week after calving.
Haplotype-1 was also associated with an increase in LYM in the blood during the 3 wk before calving and in the first week of lactation (Table 6 ). None of the examined haplotypes revealed a significant association with MON, EOS, and BAS counts (data not shown). When analyzing the contribution of each single polymorphism, we observed a significant association of the C allele in SNP g.1759G>C and the T allele in SNP g.2033C>T with increases in total circulating WBC and NEU. These 2 alleles are both present in Hap-1, but not in the other haplotypes. In contrast, the deletion in the promoter region (g.1935_37delGTT) and the C allele in the rs29004488 locus on exon 2 were associated with decreases in total WBC and NEU counts. These variants were both present together on Hap-2 and Hap-4. The effect of nucleotide substitution on WBC and NEU counts was observed during the 2 wk around calving and in the third week of lactation. Concerning LYM, in this case, the C allele of SNP g.1759G>C and the T allele of SNP g.2033C>T were also significantly associated with the increase in total circulating cells, whereas the C allele in the rs29004488 locus was associated with a decreased count. As for the haplotypes, the association was found during the first 3 wk before calving and in the first week of lactation. No association was found between the deletion and the LYM count.
RBC and Platelets. A significant haplotype substitution effect of Hap-1 and Hap-3 on RBC count was evident (Table 7) . Haplotype-1 was associated with a greater RBC count during the 2 wk around calving, whereas Hap-3 showed an association with a smaller RBC count in the 2 wk before calving and in wk 1 of lactation. Haplotype-1 was significantly associated with the reduced size of individual RBC measured as MCV (Table 8 ) and with the decreased amount of HGB present in the erythrocytes, measured as MCH (Table 9 ). This effect was significant for all 6 peripartum times. A significant haplotype substitution effect of Hap-3 on MCV and MCH was evident, with a greater MCV value during the third and the second week before calving and a greater MCH value in the third week before calving. When analyzing the heterogeneity of distribution of RDW, we observed a significantly greater RDW value associated with Hap-1 during the third and second weeks before calving and during the 3 wk postcalving (Table 10) . Conversely, a significantly smaller value of RDW was observed with Hap-3 in the second week before calving as well as in the second week after calving. Association analysis performed using single SNP revealed associations of the C allele in SNP g.1759G>C and the T allele in SNP g.2033C>T with a greater RBC count, a greater RDW value, and smaller MCH and MCV values. The minor allele of SNP rs29004488 was associated with a decreased RBC count, smaller RDW value, and greater MCV and MCH values. These 3 alleles are jointly present in Hap-1, in which the substitution effect obviously had the same trend. Platelet number and mean platelet volume were not affected by either haplotype or SNP (data not shown).
DISCUSSION
The aim of this work was to identify informative molecular markers associated with the immunological variables governing the conditions for infectious disease susceptibility or resistance in periparturient cows. To do this, we applied a candidate gene approach to investigate the association between leptin gene alleles and the immunological cell count. The RBC and platelet measures were recorded to assess whether the experimental animals were in a normal clinical state and whether their general condition was comparable with those observed by other authors (Klinkon and Zadnik, 1999) in periparturient cows. The availability of these measures also allowed us to test the association of RBC and platelet variables with leptin alleles.
The peripartum period is considered a highly critical period in the productive life of the dairy cow because it is characterized by a reduction in immunological defenses, mainly owing to impairment in NEU cell function (Mallard et al., 1998; Monfardini et al., 2002) . In addition to NEU function, LYM blastogenesis appears to be affected during peripartum in dairy cows (Ishikawa, 1987) . Kulberg et al. (2002) studied 2 groups of Norwegian cows obtained through a selection program for mastitis resistance and observed a significant decrease in WBC and NEU counts around calving in the group selected for a reduced incidence of clinical mastitis. On the basis of these results, Kulberg et al. (2002) suggested the use of WBC and NEU measures as possible indicators of mastitis susceptibility. Holtenius et al. (2004) found that from 4 to 15 wk after parturition, the number of EOS was significantly less among cows coming from herds with a high mastitis incidence compared with cows belonging to herds with a low mastitis incidence. In the same work, the number of NEU in the last 3 wk before calving was found to be greater in the group with a high mastitis incidence, although, for this class of cells, only a trend could be considered. These reports have shown that the variables of the immune response could be promising to provide predictive information regarding postpartum mastitis. However, in the present study, no relationships could be assessed between blood cell count and susceptibility to disease because of the lack of data about mastitis occurrence in our sample. Leptin is a pleiotropic molecule that regulates several metabolic functions and immune cell regulation (Fantuzzi and Faggioni, 2000) . Caldefie-Chezet et al. (2001) detected the leptin receptor on the PMN membrane. Neutrophils from leptin-deficient mice displayed impaired phagocytosis, which could be restored by leptin replacement (Moore et al., 2003) . Leptin gene polymorphisms have been intensely investigated in cattle, and several papers reporting associations of various alleles with production traits are available in the literature (Buchanan et al., 2002; Liefers et al., 2002; Lagonigro et al., 2003; Madeja et al., 2004) . In studies performed on periparturient cows, Liefers et al. (2003) made evident the influence of the rs29004488 polymorphism (called R4C by the authors) on circulating leptin concentrations during late pregnancy and the first 5 d of lactation. Similar results were obtained by the same authors using 14 SNP located in the promoter region. Because 3 of these polymorphisms within a region of 135 bp explained most of the observed variance, the existence of a pregnancy-dependent enhancer in the promoter of the cattle leptin gene was hypothesized (Liefers et al., 2005a,b) .
To test the hypothesis that the leptin gene could have a role in the regulation of immunological and hematological variables in periparturient cows, 6 leptin polymorphic loci were genotyped. These 6 markers showed increased LD and were used to reconstruct haplotypes. These haplotypes spanned a region of 15,600 bp, including part of the promoter and the 2 coding exons. Four major haplotypes, accounting for more than 95% of total variability, have been observed. The allele substitution effect was estimated by regressing the phenotype, which consisted of immunological and hematological traits, on the number of copies of each constructed leptin haplotype by using a GLM. Hematological variables, obtained during the 6 wk around calving, showed an increase in WBC, NEU, and MON as calving approached, with a peak value at calving, and then a decline in the second and third weeks after calving. The LYM and EOS counts decreased as calving approached and at the beginning of lactation. These results agree with those obtained by Detilleux et al. (1995) . Red blood cell count, HGB, HCT, MCV, and MCH decreased after calving, whereas PLT increased. These observations matched those reported in a comparable study performed in periparturient cows (Klinkon and Zadnik, 1999) . By evaluating the effect of haplotypes on immunological variables, we found that 3 haplotypes were significantly associated with the variation in WBC, NEU, and LYM counts, whereas no association was found with MON, EOS, and BAS counts. Haplotype-1 was significantly associated with greater WBC, NEU, and LYM numbers, whereas Hap-2 and Hap-4 were correlated with fewer numbers of circulating cells. The association of leptin haplotypes with RBC and platelets parameters has also been evaluated. Leptin has been reported to act synergistically with erythropoietin to increase erythroid colony production, indicating that it acts at the level of the progenitor cell (Bennett et al., 1996) . However, little is known about the variation in RBC and platelet variables in dairy cows around calving and about possible relationships with leptin biology.
In our study, we found the Hap-1 haplotype associated with a greater RBC count during the 2 wk around calving, whereas Hap-3 showed an association with the fewest number of circulating erythrocytes. A significant haplotype substitution effect was also observed on MCV, MCH, and RDW parameters. The width of the RBC volume distribution is a measure of variability in the size of circulating erythrocytes, whereas MCV and MCH indicate, respectively, the average size of the RBC and the average amount of HGN inside the RBC. Our data showed that Hap-1 was associated with erythrocytes with reduced MCV, reduced MCH, and increased RDW when compared with other haplotypes. On the other hand, there was no effect of haplotype on platelet number or volume. This difference between erythrocyte and thrombocyte response to leptin haplotypes suggests a possible effect of leptin in the pathway of the myeloid line progenitors, which do not involve thrombocyte differentiation.
When we estimated the allele substitution effect of each single polymorphic marker, we observed that the C allele in SNP g.1759G>C, the T allele in SNP g.2033C>T, and the T allele in rs29004488 showed a similar substitution effect as Hap-1 and could serve as potential markers.
In conclusion, in the Holstein population studied here, the leptin gene region is characterized by little recombination and low haplotype diversity. A significant association was found between leptin haplotypes and NEU and LYM cell counts as well as with erythrocyte number, volume, size variability, and HGB content. These data suggest that leptin has a role during peripartum in influencing several WBC and RBC measures. The C allele in SNP g.1759G>C, the T allele in the SNP g.2033C>T, and the T allele in rs29004488 together appeared to be markers for greater NEU, LYM, and RBC counts as well as for greater size variability, smaller volumes, and less HGB in the RBC. Although our data do not allow us to draw conclusions on the relationships between leptin haplotypes and mastitis susceptibility, our finding could be relevant in indicating future research directions in the field of the genetics of mastitis.
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